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A combined Navier-Stokes/DSMC approach is used to compute a neutra l injection into 
a field reversed configuration thruster. Transient flow is studied for differe nt thr uster 
geometr ies, gases, and chamber conditions. F low u niformity inside t he d iver ging conical 
nozzle is analyzed for bot h t ransient an d steady s t ate thruster operation. 

High-power electric propulsion is an enabling technology for future space missions, but one that also 
presents a number of technical challenges. First, it is critically important to operate a thruster at very 
high efficiency, ot,herwise the system limitations due t.o heat rejection become insurmountable. Second, high 
power can be efficiently delivered into a plasma by raising its temperature (provided radiative losses are not 
excessive) , i.e. its specific energy; consequently, the specific impulse can take large values, even in the excess 
of 10,000 sec. The optimal conditions from the standpoint of low radiation loss, acceptable ionization cost, 
and confinement requirements, are usually achieved for low-Z plasma at high {50-100 eV) temperature and 
in strong magnetic fields. These conditions are typically obtained in Field Reversed Configuration (FR.C) 
(see, for example, Ref. 1) plasma. The FR.C is a self-organi7.ed magnetized plasma structure in the shape 
of a highly compact toroid. The magnetic field is mostly in the peloidal direction? generated by internal 
(toroidal) currents. The ratio of plasma pressure to magnetic pressure is close to unity, i.e. the highest 
plasma density that can be attained for given external magnets. The peloidal field also contributes to the 
partidc confinement. Starting from a background uniform plasma at a constant axial (bias) field. the FRC 
can be formed by pulsing external coils and reversing the applied field , indudng currents at the plasma 
boundary and "pinching" the plasma at both ends (see Fig. 1). The initial bias field is trapped inside the 
plasma. and forced to reconnect at the end points (separatrix), creating an elongated toroidal shape. 

In contrast to some other high l sp plasma propulsion concepts, 3 the FR.C is completely magnetically 
insulated from the external field: the plasma is not t ied to an external field line, and the FR.C can readily 
detach from the confining external field. It can also be translated and accelerated by applying a gradient of 
magnetic pressure using pulsed external coils. The FR.C can therefore be efficiently accelerated to provide 
thrust, operates at a temperature that is optimal for ionization and is well confined. The basic concept of 
operations has been demonstrated4 and more recent research has led to further optimization of the formation 
process,5 while methods for increased efficiency through energy recovery in the electrical circuits are currently 
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Figure 1. Schematic of basic FRC formation by fie ld reversal. 

being developed. One of the latest design iterations6 provides plasma velocities in the 10-40 kmj sec range, 
a desirable regime for USAF applications. However, many aspects of the flow development and device 
operation , such as power and mass utilization efficiencies, still remain t.o be determined more precisely. 

An important aspect of device operation and efficiency is the initial distribution of carrier gas in the 
throat and in the pre-ionization and the main FRC chambers immediately before the pre-ionization. The 
main goal of this paper is to study the impact of di fferent operational parameters, such as the FRC chamber 
geometry, stagnation pressure, carrier gas, and the puff valve opening time, on the uniformity of gas density 
in the main chamber, as well as the gas flow properties in the pre-ionization chamber. The work addresses 
the sensitivity of gas properties to the above parameters and studies both transient and steady-state gas 
flows. 

I. Geometry and Flow Conditions 

In this work, the geometrical setup of experimental studies6• 7 is used. The setup is shown in Fig. 2a (all 
dimensions are given in millimeters) . The working gas from the stagnation chamber through a 1 nun diameter 
orifice into a 6.35 mm diameter and 88.9 mm long tube, then it flow around a cylindrical 6.35 mm diameter 
electrode into an annular 60 mm long pre-ionization chamber. In the experimental setup, gas was supplied 
to the pre-ionization chamber through four 90-degree azimuthal holes with 1.5 rnm diameters. Preliminary 
numerical analysis have shown that it is extremely difficult, if not impossible, to obtain transient 3D solutions 
converged in terms of grid and time step. Since accuracy of simulations is important, an equivalent axially 
symmetric configuration has been used in the present work. The four azimuthal holes were replaced by an 
annular configuration. T wo different flow areas were considered, the one that a. constriction with an opening 
area equallo that, in the experiments (a spacing of 0.5 mm), and the one that has a two times larger opening 
(a spacing of 0.25 mm), and thus a length-to-spacing ratio closer to the experimental value. After the pre
ioni?.alion chamber, ttl(' gas flows in the main diverging no7.7.le where the FRC plasmoid will be formed and 
then propelled out. The noz:de has a 20 deg diverging conical section and a. total length of 318 mm and exit 
diameter of 258 mm. 

Three stagnation pressures were considered, 7.5 psi , 15 psi, and 30 psi, with the constant stagnation 
temperature of 300 K. The carrier gas was molecular nitrogen in a ll cases except for one where neon was used. 
Transient evolution of gas flow was followed from the valve opening (time 0) to 5 ms. It is important that, 
similar to the experiments,6• 7 the valve was assumed open only for 420 ItS, after which it was instantaneously 
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close. Since the valve closing in the exp eriment is not instantaneous, a calculation with valve open during 
t he first 320 Jt S was also conducted. The steady sLate solut ion is a lso presented in order to provide the 
information on a possible quasi-steady state thruster operation. 
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Figure 2. D raw ing of t he FRC t hruster 6 (left) and t he s chematics of t he nume rical setup (right ) . 

II. Numerical Approach 

The gas pressure is expected to vary greatly as lhc carrier gas leaves the stagnation chamber and passes 
through the inlet to the pr~ionization chamber and out to t.he main nozzle, typically decreasing from a few 
atmosphere level to a small fraction of a Pascal. This dictates a combined use of a continuum and kinetic 
approaches, with the continuum approach applied to the flow through the inlet, and a kinetic method used in 
the pre-ionization chamber and the diverging nozzle. In this work, the solution of the Navier-Stokes equations 
was used for the inlet flow, and the DSMC method for the flow in t he pre-ionization chamber and diverging 
nozzle. A on~way coupling between these approaches is used, with the inter face surface between the two 
approaches set in t he vicinity of t he inlet into t he pre-ionization chamber. T he location of the interface 
slll'facc was chosen so that the flow is supersonic, and the gas density is low enough for t he DSMC method 
Lo be feasible, and still high enough for the continuum approach t.o be applicable. The schematics of the 
numerical setup is given in Fig. 2b. The CFD++ solver is applied in the region that start with the gas inflow 
and stretches to the exit. from the pre-ionization chamber to the diverging nozzle (marked as Navier-Stokes 
outflow). The DSMC computational domain begins from the starting SlU'face and propagates to the plume 
near field (marked as DSMC outflow). Note that there is an overlap region where both approaches were 
used; it covers most of the pre-ionization chamber and allows for code-to code comparison. For transient 
flow simulation:;, which arc the main topic of this work, the gas properties along the interface surface are 
stored at. different time moments (typically every 10 p.s), and a 5-th order La~orrange polynomial interpolation 
is t hen used in the kinetic simulation to determine the actual gas properties at every t ime moment at every 
point of t he interface surface. 

T he computational t.ool used for the solution of the Navier-Stokes equations is CFD++ 8 developed by 
Metacomp Technologies, Inc. CFD++ is a flexible computational fluid dynamics software suite for the 
solution of steady and unsteady, compressible a.nd incompressible Navier-St.okes equations, including multi
species capability for perfect and reacting gases. In this work, a turbulent Rey11olds Averaged Navier-Stokes 
capability of CFD++ is applied. The simulations were conducted with a 2nd order in space, Harten, Lax, 
van Leer, Contact discontinuity Riemann approximation algorithm. The computations that utilize a two
equation k - <: turbulence model will be presented. Implicit time integration was used. A real gas model 
(nitrogen) was used here. The surface was assumed isothermal with a constant temperature of 300 K. Second 
order slip boundary conditions were applied at the wall. 
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The axisymmetric capability of the DSMC-based code SMILE9 has been used as the principal kinetic 
approach. The important features of SMILE that are relevant to this work arc parallel capability, different 
collision and macroparameter grids with manual and automat ic adaptations, and spatial weighting for ax
isynunetric flows. The majorant frequency scheme was used to calculate intermolecular interactions. The 
intermolecular potential was assumed to be a variable hard sphere. Energy redistribution in molecular colli
sions between the internal and translational modes was performed in accordance with the Larsen-Borgnakke 
model. Temperature-dependent relaxation numbers were used. The reflection of molecules on the surface 
was assumed to be diffuse with complete energy and momentum accommodation (except for one case shown 
below where a specular refiection was imposed) . 

III. Convergence and numerical accuracy 

The convergence study has been conducted in order to obtain results not biased by the cell size and 
time step (as well as the number of molecules in the DSMC simulations). For the Navier-Stokes solver, 
the sensitivity of macropa.rameters to the cell size both in the axial and radial direction, and the t ime step 
was analyzed, and the time step and cell size were decreased until there was no visible change in the flow 
properties. An example of the convergence results is shown in Fig. 3 where the gas pressure is shown obtained 
by CFD++ at two different time moments after the valve opening. Here and below in this section, the results 
are shown for 5 psig chamber pressure and a 0.5 rom annular constriction spacing case (see the Geometry 
and flow conditions section). In the standard resolution case (top), about 150,000 cells were used, with cell 
resolution varying throughout the domain and in the a.xial and radial direction, and a t ime step of 1 ns was 
chosen. In the high resolution case, the time step increased from 0.25 ns during the first 0.4 ms to 0.5 ns 
and then af6ter 1 ms after valve opening to 1 ns. The cell size was up to 50% lower both in axial and 
radial direction. It can be sse from the figure that the difference between the two solutions is very small at 
0.42 ms (there is some mjnor difference inside the inlet tube and in the shock reflections in the pre-ionizat ion 
chamber), and even smaller at 2 ms (at that time , it is noticeable only in the inlet tube). The convergence 
was considered satisfactory, and standard resolution used in all subsequent runs. 
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Figure 3. Comparison of pressure fields obtained with different cell size and time step at two time moments. 
0.42 ms, left; 2 ms, right. 

While the flow in the inlet tube is always mostly continuum, rarefaction beeornes significant in the 
constriction and especially in the pre-ionization chamber. Slip boundary conditions of second order were 
therefore imposed in the Navier-Stokes computations, and a simulation with no-slip boundary conditions 
was also conducted for comparison. The results for the slip and no-slip cases are shown in Fig. 4 where 
the pressure and velocity fields are shown at 0.3 rns after the valve opening. Note some difference in the 
solutions. Generally, the no-slip boundary condition results in a somewhat slower motion of the compression 
region created in the inlet tube by the interaction of supersonic flow with the central electrode. :For the 
slip boundary condition case, the slip velocity in the constriction was significant, up to 100 m/s ncar the 
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constriction exit. This resulted in a visibly faster Aow in the pre-ionization chamber. Pressure is also 
somewhat higher in that region. Since the continuum approach does not allow for correct description of the 
gas surface interaction that a kinetic description of gas flow would allow, it contributes to the numerical 
uncertainty of the obtained solutions. 
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Figure 4 . Impact of wall slip boundary conditions in the CFD++ solver on gas pressure (left) and axial velocity 
(right). 

The flow in the pre-ionization chamber is rarefied enough for the DSMC method to be effectively used, 
and still is relatively high collision frequency, so a continuum solver can still be used. Both approaches were 
therefore used in that region, and a comparison between the CFD++ and Smile solutions is presented in Fig. 5 
for a time moment of 0.3 ms after the valve opening. Only parts of the full Navier-Stokes and DSMC ·domains 
are given here. Note that the black region in the DSMC solution illustrates the DSMC starting surface that 
is located at the outer boundary of that region. The sampling (but not the collision) grid in the DSMC 
modeling is coarser than in the continuum simulations (a simple uniform sampling grid was used), as can be 
clearly seen in the figure. Note that the collisional grid in DSMC resolution is much finer than the sampling 
one. In this simulation, the total number of collision cells was up to 50 million, and the total number of 
simulated molecules up to 500 million, depending on the time moment (these numbers were found to provide 
grid and number of molecules independent solutions in the convergence study) . The results indicate that the 
Navier-Stokes and DSMC solutions are very similar in the pre-ionization chamber. The difference between 
the two solutions is obvious only in the expansion region outside of the pre-ionization chamber, where the gas 
rarefaction is dominant, and the Navier-Stokes equations applicability becomes questionable. The difference 
is especially pronounced in the region immediately downstream from the central electrode. 

IV. Temporal evolution of flow in pre-ionization chamber 

Consider now the temporal evolution of gas flow in the inlet tube and the pre-ionization chamber, shown 
in Fig. 6. Typical flow development in the first 2 ms after the valve opening is given in Fig. 6. At 0.1 ms, the 
compression front has just reached the central electrode, and started to reflect back from it. Note that there 
are also multiple reflections of the shock in the first half of the inlet tube. These reflections present until 
the valve is closed at 0.42 ms. After that time, the pressure in the inlet tube start to decrease sharply. In 
the pre-ionization chamber, there are several shock reflections clearly visible at 0.4 ms, although much more 
viscous ones than in the inlet tube (see Fig. 6a). The compression wave in that chamber first reflects on 
the central electrode, then on the outer wall of the pre-ionization chamber, and then again on the electrode. 
After the valve closing, the pressure in that chamber drops significantly, and reflections become much weaker. 
The gas velocity in the pre-ionization chamber is maximum at the valve closing t ime, reaching over 800 m/s 
near the outer edge of the electrode. The flow inside th<l inlet tube is supersonic at that time. At 2 ms, the 
velocity drops to less than 100 m/s in the inlet tube, and less than 500 rn/s in the pre-ionization chamber. 
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Figure 5. Gas pressure (left) and axial velocity (right) in the pre-ionization chamber obtained with different 
numerical approaches. 
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Figure 6. Temporal evolution of gas pressure (left) and velocity (right) in the pre-Ionization chamber. 
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V. Impact of operational parameters on flow in pre- ionization chamber 

A number of cha,mber parameters were varied in order to analyze the sensitivity of fl ow properties. In this 
section, in addit.ion to the baseline 0.5 mm spacing case the results are presented for a shorter valve opening 
time of 0.32 ms (in t.he experiments,6 the valve closing took tens of microseconds, and was completed by 
0.42 ms), four times lower stagnation pressure, and neon carrier gas instead of nitrogen. The results are shown 
in Fig. 7 where the instantaneous gas pressure and velocity are presented for four cases under consideration 
at 2 ms time moment. Note that here and below the pressure fields are normalized by the corresponding 
throat value to provide meaningful comparisons of gas relaxation for different pressures. For the shorter 
valve opening t ime, the gas pressure in the inlet tube is noticeably smaller than for the baseline case. It 
is interesting to note that the gas pressure in the pre-ionization chamber for that case is somewhat higher 
than for the baseline. This is related to the timing of reflections of compression wave from the inflow orillce 
and electrode walls. T he compression front travels back and forth inside the inlet tube, thus decreasing 
and increasing pressure in the constriction opening and pre-ionization chamber. The use of neon as the 
carrier gas results in somewhat higher flow velocities due to its lower mass, and thus fas ter relaxat ion t ime 
as compared to molecular nitrogen. The use of lower stagnation pressure generally results in very significant 
delay of pressure decrease after the valve closing both in the inlet tube and in the pre-ionization chamber. 
This is related lo dominating viscous effects inside the constriction opening, where the gas friction on the 
walls results in a fact.or of two lower velocities as compared to the baseline case. This lower fiow velocity 
(see Fig. 7b) is responsible for a qualitatively different flow evolution for the lower pressure case . 
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Figure 7. I mpact of operational parameters on gas pressure {left) and velocity (right) in the p r e-ionization 
chamber at 1 m s. 

VI. Temporal evolution of flow in the nozzle 

T he time evolut ion of gas expanding from the pre-ioni:lation chamber into the diverging nozzle is shown 
in Fig. 8 for the 0.5 mm opening case. Both pressure and density are normalized by the corresponding 
throat values. After the first half a millisecond, the gas flow from orifice has reached the middle part of the 
nozzle. Note that in that part, the pressure in the radial direction is maximum near the nozzle wall. This 
pressure maximum is caused by the compression wave that reflects on the central electrode and propagates 
outward to the nozzle surface. Aft.er the reflection on the nozzle wall, it travels inward to the nozzle axis, 
as clearly seen at 1 rns time moment.. After that, the rest of the nozzle is fill ed, and at about 3 ms after 
the valve opening the pressure gradient in the nozzle is relatively small, especially in the radial direction. 
Note that the both in pre-ionization chamber and inside the nozzle starts to decrease after about 2 ms due 
to decreasing pressure in the inlet tube. 

For the ionization stage of thruster operation , it is important to know the the pressure and especially 
the number density in the second half of the nozzle and near the nozzle exit plane, where the ionization is 
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expected to take place. For the FRC formation to be efficient, it is desirable to have relatively uniform radial 
pressure distribution in that region. Whereas the pressure is indeed relatively uniform (see Fig. 8a) , with 
the difference between axis and wall values not exceeding about 30%, the density is up to a factor of two 
higher near the axis than ncar the wall for any given axial location, as illustrated in Fig. 8b. 
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Figure 8. Temporal evolution of gas pressure (left) and number density (right) in the nozz le. 

VII. Impact of operational parameters on flow in the nozzle 

The results of the modeling have shown that pressure in the nozzle ranges from single digit values near 
the pre-ionization chamber to a fraction of a Pascal near the n<Y6zlc exit. That means that the Knudsen 
number based on the radial dimension of the nozzle is on the order of 0.1. Such a high Knudsen number is 
characterized by the strong impact of the nozzle surface. While the gas-surface interaction was assumed to 
be fully dilTuse and surface temperature assumed to be 300 K, and additional calculation was conducted with 
specularly reflective wall to illustrate the impact of the nozzle surface. While the diffuse reflection clearly 
rnuch better approximates real gas-surface interactions, such a comparison nevertheless provides an upper 
limit for the wall model related numerical uncertainty. The results of the comparison arc summarized in 
Fig. 9. 

The wall specularity significantly reduces the gas pressure inside the nozzle. This is related to the fact 
molecules reflected on a ~pccular wall keep the tangential components of their velocity, and thus mostly 
move toward the nozzle exit after being reflected. This in turn reduces gas temperature and increases 
axial velocity, therefore reducing temperature and pressure, as seen in Fig. 9a. Higher velocity also strongly 
reduces gas density, with the maximum difference at the axis approaching a factor of four. All this illustrates 
the importance of accurate modeling of ga.<>-surface interactions at the nozzle wall. 

The impact of dilTcrent chamber parameters is illustrated in Fig. 10. Shorter valve opening time impacts 
only the slightly the gas properties at 2 ms, and the results are qualitatively similar to the baseline case. The 
use of neon as carrier gas also docs not result in any significant change of gas properties in the nozzle. The 
decrease in stagnation pressure result in the increase of the exit radius based Knudsen number to about 1; in 
this case, the flow properties (both pressure and density) are fairly uniform in the radial direction. Increase 
in the radial dimension of the nozzle causes nearly proportional reduction in gas pressure and density near 
the nozzle exit. 

The flow properties along the nozzle exit plane are shown in Fig. 11 for dilTerent chamber conditions. 
Here, X=O corresponds to the nozzle axis. These results show that the gas pressure, Fig. lla, is nearly 
constant for the lower prc~surc, and is still relatively Hat for the shorter valve opening time and neon carrier 
gas. As expected, the pressme is least uniform for the baseline case, for which the absolute values of pressure 
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Figure 9. I mpact of gas-surface interaction model on gas pressure (left) and number density (right) in the 
nozzle at 2 ms. 
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Figure 10. Impact of operational paramete rs on gas pressure (left) and number density (right) in the nozzle 
at 2ms. 
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are also maximum. This trend is also true for the number density (Fig. llb). Note also that the diffuse 
reflection model along with fairly high rarefaction were found to nearly nearly constant gas temperatures of 
about 300 K at the nozzle exit plane. 

1.2E-06 

4E..07 

2E-07 

Baseline 
- - - .... - .. 320~$ 

···-·· .. ·- Neon 
- -- Lower p 

0o~~o~.0~2~~0~.~~~0~.06~~0~.~~~0~.1~~0.~12t
Y,m 

2E-06 

5E-07 

Baseline 
- ·---.. - 320~s 

· .. ·- Neon 
--- Lowerp 

0o~~o~.0~2~~0~.0~4~~0~.0~6~~0~.0~8~~0~.1~~0.~12t
Y,m 

Figure 11. Gas pressure (left) and number density (right) along the nozzle exit p lane at 2ms. 

VIII. Steady state flow 

The process of gas ionization and FRC plasmoid formation with its successive translation out of the 
nozzle is conducted in a pulsed regime, with the· ionization stage typically taking a few microseconds and 
plasmoid formation and translation, a few tens of microseconds. The neutral injection, however, may operate 
both in a pulsed and quasi-steady state regime. In order to provide an estimate on gas propert ies in the 
FRC nozzle for the latter, a steady state computation has been conducted using the same continuum/kinetic 
approach employed for the above t ran..<;ient simulations, with one exception that the starting surface for 
the DSMC modeling was obtained from a converged steady-state Navier-Stokes computation. Note that 
the convergence process was slow, and it took almost 20 million timesteps to complete. The results of the 
steady state simulation are presented in Fig. 12, where normalized pressure and densi ty fields are shown. 
The most. important conclusion here is that , since the steady state operat ion results in noticeably higher gas 
density and thus collision rates in the nozzle, there is a compression front clearly visible that refl<'ctS on the 
nozzle wall and falls back on the axis near the nozzle exit. This results in significant non-uniformity of gas 
properties at the nozzle exit plane, with the maximum difference noticed in the number density of about a 
factor of three. 
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· Figure 12. Gas pressure (left) and number density (right ) for t he steady state case. 
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